shows greatly reduced sensitivity, but nonetheless reaches the same maximum response as that of the wild type at high irradiances (2) . Thus, the rd/rd cl phenotype is the complement of the mop Ϫ/Ϫ phenotype. To test this apparent complementarity quantitatively, we measured the irradiance-response relation for the pupillary reflex of rd/rd cl mice (9) under conditions identical to those for mop Ϫ/Ϫ and wild-type animals ( Fig. 3B ) and then summed it with the relation for mop Ϫ/Ϫ mice (15) . The resulting irradiance-response relation provides a good prediction of that measured from wild-type mice (Fig. 3C ). This agreement suggests that the rod/cone and melanopsin systems together provide the full dynamic range of the normal pupillary reflex. We cannot rule out the existence of a third photodetection pathway, but if present, its contribution should be minor. The threshold corneal irradiance at 500 nm reported for exciting the melanopsin-positive RGCs is ϳ10 13 photons cm Ϫ2 s Ϫ1 [(3) and supporting online text]. By contrast, reproducible pupillary constriction in rd/rd cl mice (reflecting the activity of the melanopsin-associated system and of any unidentified contributing system) was observed to stimuli as dim as 10 11.5 photons cm Ϫ2 s Ϫ1 at 480 nm ( Fig. 3B ) (16 ) . In principle, any convergence of photosensitive RGCs driving the reflex would substantially lower the threshold of the reflex compared with that of individual photosensitive RGCs (supporting online text).
The retention in mop Ϫ/Ϫ mice of the otherwise melanopsin-expressing RGCs and of their proper central projections, combined with the loss of their intrinsic photosensitivity and the defective pupillary reflex of these animals, provides conclusive evidence that melanopsin is an indispensable component of a photoreceptive system with genuine physiological functions. The precise role of melanopsin in the RGC phototransduction process, however, remains uncertain. It may be the photopigment of the intrinsically photosensitive RGCs, or it may perform some other function critical to their photosensitivity (supporting online text). Fig. 3 ), the same measurements were made over a period of 1 min without activation of light stimulus. Even without a light stimulus, the pupil constricted slightly, presumably because of its high sensitivity and a very low level of stray light around the pupillometer and/or a tiny percentage of visible light from the infrared light-emitting diodes used for viewing the eye (9). 15. The formula for summing the irradiance-response relations from mop Ϫ/Ϫ and rd/rd cl mice is given by Response (normalized) ϭ ␣( (1, 2) . Although derived from venous endothelial precursors, lymphatic vessels do not communicate with blood vessels except at a single point where the thoracic duct empties into the subclavian vein (1-3). Recent studies have identified specific transcription factors and growth factors required to regulate the development of lymphatic vessels (4-6), but how emerging lymphatics remain separate from preexisting blood vessels is not known. In mice, loss of the hematopoietic intracellular signaling proteins Syk (7, 8) , SLP-76 (9, 10), or PLC␥2 (11) results in embryonic hemorrhage and perinatal death in addition to loss of immune receptor signaling. SLP-76 -deficient mice that survive to adulthood were noted to have significant cardiac enlargement with an increase in the heart/body mass ratio of 40% compared with wild-type littermates at 12 weeks of age (Fig. 1, A and B) . Analysis of heart function by cardiac magnetic resonance imaging (MRI) (12) revealed normal or above normal left ventricular ejection fractions, larger cardiac chamber sizes, and markedly elevated cardiac outputs (average 60% greater than wild-type) in SLP-76 -deficient mice (Fig. 1 , C and D; movies S1 and S2).
Congenital causes of elevated cardiac output in humans include anemia, intracardiac shunts associated with structural heart defects, and shunting of blood due to arteriovenous (A-V) connection (13) . SLP-76 -deficient animals were not anemic (9) , and analysis of SLP-76 -deficient hearts revealed no structural cardiac abnormality (14) . However, examination of the peripheral vasculature in SLP-76 -deficient mice revealed a network of dilated and tortuous blood vessels throughout the small intestine (Fig. 1E ). To determine whether these abnormal vessels mediate A-V shunting of blood, we injected fluorescent microspheres Ϫ/Ϫ mice. Images were obtained at peak intensity for the artery (arterial phase), peak intensity for the vein (venous phase), and after complete mixing of the FITC-dextran in the circulation (equilibration).
that were too large to pass through a capillary bed into the descending aorta (12) . Microspheres injected into wild-type mice (n ϭ 7) lodged in the small blood vessels of the intestinal wall but not in the liver, the organ immediately downstream of the intestine's capillary bed, via the portal venous circulation. In contrast, we found large numbers of microspheres in the livers of SLP-76 -deficient mice (n ϭ 5), demonstrating shunting through the abnormal vessels of the gut (Fig. 1E) .
Examination of neonatal SLP-76 -deficient animals revealed a variable degree of abnormal intestinal vasculature, with the animals most affected demonstrating areas of the intestinal wall that appeared white and were devoid of normal blood vessels (Fig.  2A, fig. S1 ). Neonatal mice lacking SLP-76 or Syk also exhibited peritoneal hemorrhage that was chylous (white and fatty) in appearance (7-9), consistent with a vascular abnormality affecting lymphatic as well as blood vessels. In the mesentery of wild-type animals, vascular bundles containing two blood vessels (an artery and a vein) and one chylefilled lymphatic were readily identified ( Fig.  2A) . In the mesenteric vascular bundles of SLP-76 -deficient animals, however, chyle could be seen in more than a single vessel ( Fig. 2A) , suggesting that the vascular malformation in SLP-76 -deficient animals mediates mixing of lymphatic and blood as well as arterial and venous circulations.
To define vessels in direct communication with the blood, we injected fluorescein isothiocyanate (FITC)-dextran into the left ventricle of wild-type and SLP-76 -deficient neonates. FITC-dextran filled the mesenteric artery and vein but not the adjacent lymphatic in wild-type animals (Fig. 2B) . In contrast, FITC-dextran labeled all three vessels in SLP-76 -deficient animals (Fig. 2B) . To determine whether the blood and lymphatic vessels of SLP-76 -deficient mice were directly connected, we injected FITC-dextran intravenously in live, adult animals and observed its passage through the intestinal circulation (12) . FITC-dextran injected into the jugular vein first filled the mesenteric arteries in both wild-type and SLP-76 -deficient mice ( Fig.  2C ; movies S3 and S4). In the wild-type mesentery, arterial filling was followed by filling of a single vessel, the vein, and venous filling was accompanied by the nearly complete washout of arterial FITC-dextran ( Fig.  2C, top; movie S3 ). In the SLP-76 -deficient mesentery, arterial filling was followed by simultaneous filling of two vessels, the vein and lymphatic. This occurred before significant washout of the arterial FITC-dextran, which is consistent with shunting of blood across the intestinal circulation (Fig. 2C , bottom; movie S4). These results demonstrate direct vascular connections between blood and lymphatic vessels in SLP-76 -deficient mice.
To understand how a vascular malformation connecting the blood and lymphatic vessels might have developed, we examined the fetal vasculature. A cutaneous hemorrhagic appearance is the most striking phenotype observed in mouse embryos lacking Syk, SLP-76, or PLC␥2 (Fig. 3A) (7) (8) (9) (10) (11) and is first noted in mid-gestation [embryonic day 12 (E12)]. The pattern and timing of this phenotype closely resemble that of developing cutaneous lymphatics first described by Sabin more than 100 years ago (Fig. 3A) (3) . Histologic analysis of the skin of SLP-76 -deficient embryos revealed that most of the blood observed was not extravasated hemorrhage but instead was contained within thinwalled vessels that stained weakly for the endothelial marker CD31 and not at all for smooth muscle actin (14) , features consistent with lymphatic vessels.
To determine whether these vessels were of lymphatic origin, we analyzed them for expression of vascular endothelial growth factor receptor 3 (VEGFR-3) and the hyaluronic acid receptor LYVE, two molecular markers of lymphatic endothelial cells (15, 16) , and for CD34, a glycoprotein that is more highly expressed in blood than in lymphatic capillary endothelial cells (12, 17, 18) . The thin-walled, blood-containing vessels in the skin of SLP-76 -deficient animals stained strongly for both LYVE and VEGFR-3 but not for CD34, whereas adjacent normalappearing blood vessels expressed CD34 but not LYVE or VEGFR-3 ( Fig. 3B) (14) . Further LYVE staining of both SLP-76 -deficient and Syk-deficient embryos revealed blood in all the large lymphatics (Fig. 3B) . LYVE staining of wild-type embryo littermates revealed lymphatic vessels of similar size and location as those identified in embryos lacking SLP-76 and Syk but devoid of blood. In the intestine of SLP-76 -deficient embryos, the onset of blood vascular abnormalities coincided with the arrival of LYVEpositive endothelial cells and the formation of intestinal lymphatics (14) . These results demonstrate that the primary vascular abnormality in SLP-76 -deficient and Syk-deficient mice is abnormal communication between the blood and lymphatic circulations during lymphatic vascular development.
To determine precisely when emerging lymphatic vessels communicate with blood vessels and further rule out any possibility that blood-filled lymphatics are the result of hemorrhage, we analyzed SLP-76 -deficient and wild-type E11.5 embryos. At E11.5, lymphatic endothelial precursors have migrated centrifugally from the cardinal vein to form adjacent lymph sacs, the first lymphatic structures (1, 3) . Primary lymph sacs expressing LYVE and the homeobox gene Prox1 were readily identified in both sets of embryos but were filled with blood in SLP-76 -deficient embryos (Fig. 3C ) (14) . Significantly, at this developmental stage neither cutaneous lymphatics nor hemorrhage was present in SLP-76 -deficient embryos (Fig.  3C) , confirming the results of physiologic studies demonstrating that blood-filled lymphatics arise because of direct vascular connections to blood vessels and are a cause rather than a consequence of hemorrhage.
Communication between blood and lymphatic vessels during lymphatic development predicts sites of blood-lymphatic vascular connection. In fact, we identified chimeric vessels composed of both LYVE-positive and LYVE-negative endothelial cells in the neck and chest of SLP-76 -deficient and Syk-deficient embryos (Fig. 3D) . Analysis of multiple wild-type littermate embryos revealed no such anastomoses, and analysis of chimeric vessels by in situ hybridization demonstrated that LYVE-negative endothelial cells also did not express Prox1 (14) . The characteristic site of their appearance in multiple SLP-76 -deficient and Syk-deficient embryos and the normal expression of LYVE and Prox1 in lymphatic endothelium elsewhere in slp-76 Ϫ/Ϫ and syk Ϫ/Ϫ embryos (Figs. 3C and 4A) suggest that these vessels do not arise because of loss of expression of lymphatic molecular markers, rather, they are sites of blood-lymphatic vascular connection.
Emerging lymphatic endothelial cells express Prox1 and LYVE (4, 19) , but we could not detect expression of slp-76 in these cells or in any blood endothelial cells of fetal (E10.5 to E19) or adult mice (Fig. 4A) (14) . In contrast, we could readily detect slp-76 expression in single circulating cells within the cardinal vein (Fig. 4A ) and in megakaryocytes of mice with only one slp-76 allele (Fig.  4A, inset) . These results suggest that the effects of SLP-76 on lymphatic development are mediated either by circulating cells or by signals in very early endothelial precursors.
To determine whether SLP-76 and Syk signals are required exclusively in hematopoietic cells for regulation of lymphatic vessel growth, we transplanted wild-type or SLP-76 -deficient bone marrow that was tagged with a Tie2-lacZ transgene into lethally irradiated wild-type mice (12). Irradiated mice suffer extensive microvascular endothelial cell death in the small intestine (20) (Fig. 4B) ; therefore irradiation is a means of both replacing the hematopoietic compartment and stimulating intestinal vascular repair and growth in wild-type mice. Transplantation with SLP-76 -deficient but not wild-type marrow resulted in a loss of normal blood vessel architecture in the intestine as well as bloodfilled mesenteric lymphatics, phenocopying the vascular phenotype of SLP-76 -deficient animals (compare Fig. 4, C and D, with Fig.  2A ). These results demonstrate that loss of SLP-76 or Syk exclusively in hematopoietic cells is sufficient to confer the angiogenic phenotype.
Recent angiogenic studies have indicated that a subset of endothelial precursor cells may be derived from the bone marrow (21) (22) (23) (24) . Thus, conferral of the angiogenic phenotype by SLP-76 -deficient and Syk-deficient marrow could be due to a cell-autonomous defect in bone marrow-derived endothelial cell precursors. To address this possibility, we performed 5-bromo-4-chloro-3-indolyl ␤-D-galactopyranoside (X-gal) staining of the intestines of animals that received Tie2-LacZ S2 ). This result is consistent with functional complementation experiments in which the mixing of small amounts of wild-type marrow (Ͻ10%) with SLP-76 -deficient or Syk-deficient bone marrow completely rescued development of the vascular phenotype (14, 26) . These results support a non-cell-autonomous mechanism in which SLP-76 and Syk signals are required in circulating cells to regulate separation of blood and lymphatic vascular networks. Further analysis of SLP-76/Syk signaling will shed light on the mechanisms by which hematopoietic signals influence vascular growth and development. Atrial fibrillation (AF) is a common cardiac arrhythmia whose molecular etiology is poorly understood. We studied a family with hereditary persistent AF and identified the causative mutation (S140G) in the KCNQ1 (KvLQT1) gene on chromosome 11p15.5. The KCNQ1 gene encodes the pore-forming ␣ subunit of the cardiac I Ks channel (KCNQ1/KCNE1), the KCNQ1/KCNE2 and the KCNQ1/KCNE3 potassium channels. Functional analysis of the S140G mutant revealed a gain-of-function effect on the KCNQ1/KCNE1 and the KCNQ1/ KCNE2 currents, which contrasts with the dominant negative or loss-of-function effects of the KCNQ1 mutations previously identified in patients with long QT syndrome. Thus, the S140G mutation is likely to initiate and maintain AF by reducing action potential duration and effective refractory period in atrial myocytes.
